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Abstract— Landslide is one of the most dangerous hazards worldwide. It could be caused by several factors and could have a massive
destructive impact on the environment. A landslide event occurred in one of the urban cities in Indonesia. In the middle of 2002, a
landslide disaster due to rainfall occurred in the Ciliwung River’s floodplain, precisely in the South Jakarta area. The landslide
profoundly affected large areas of the region and seriously injured many people. Several circumstances that could trigger landslide
occurrences are the building load in the settlement area around the river, increase in the rainfall intensity, slope, and soil
characteristics in the Ciliwung River area. This research proposes a combination of nonstructural and structural disaster mitigation
methods for water-related landslide by investigating the safety factor (SF) of the river bank’s slope in one of the impacted sites, i.e.,
the area under the main bridge of Grand Depok City regency. This site is located in the boundary area between Depok City and
South Jakarta. The authors simulate analytical and numerical modeling to estimate the SF of the slopes. This research concludes that
the minimum SF in the analyzed location is recognized as a safety criterion for society. The condition becomes less secure when an
earthquake occurs. Furthermore, high rainfall intensity could become the worst scenario that generates considerable damage. The
proposed structural mitigation for river bank with anchor or snail increases the SF. However, this reinforcement program is not
recommended because of its high cost and ineffectiveness in solving problems. Hence, green infrastructure (GI) is highly suggested for
nature-based mitigation to prevent rainfall-triggered landslides in the Ciliwung River area. The authors conduct the preliminary
design of the study and recommend further analysis of GI or soil bioengineering to ensure its effectiveness and applicability in the
research area.
Keywords— water-related disaster; Ciliwung river; green infrastructure mitigation; disaster management.

disaster events. In 2011, the Regional Disaster Management
Agency (BPBD) recorded 11 regions in West Java that faced
landslides.
Landslide has become the most damaging environmental
hazard [1–6], and the main triggering factors of this hazard
are rainfall [7–13] and earthquakes [14–16]. A problem in
the analysis of water-related landslide is the lack of data on
rainfall-triggered landslide (RTL). The data previously
recorded in several areas are shown in Table 1. The
increasing number of avalanche in recent years showed that
the improvement in the collection of RTL data has not been
achieved.
The reduction of the impact of disasters could be analyzed
by quantitative methods [17]. The analysis covers hydraulic
engineering,
geotechnical
engineering,
ecological
engineering, and other multidisciplinary fields. This research
aims to mitigate the RTL that occurred in the Ciliwung River
by quantifying and assessing the safety factor (SF) in the

I. INTRODUCTION
People worldwide face various environmental hazards.
Many people are injured or killed in different areas. We
could not deny that these hazards are influenced by both
natural and human factors. Moreover, mass media have
reported that these hazards affect not only developing
countries but also developed countries. The government
could prevent some hazards; however, other hazards are
unavoidable. Furthermore, the lack of intervention to protect
people from these environmental hazards could be observed
in developing countries, such as Indonesia.
Indonesia has faced many hazards, particularly landslide
disasters, in the past decades. The National Disaster
Management Authority (BNPB) recorded 1,287 landslide
events that occurred in all provinces in Indonesia from 2000
to 2011. The number of accidents further increased in 2018.
For instance, West Java has had a high number of landslide
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initial step. Then, structural mitigation and green
infrastructure (GI) for landslide mitigation is analyzed to
select a better policy.
Ciliwung River flows through Bogor, Depok, and Jakarta.
According to Silviani [18], the hazard level in Ciliwung
watershed ranges from low to high. The medium hazard
level covers 54.89% of the total area. By contrast, the high
hazard level covers 10.08% and the low hazard level covers
34.77% of the total area. This research uses Depok City as
the study area. Depok City is categorized as a city with a
medium hazard level. The vulnerability of Ciliwung
watershed is at the medium level (i.e., 53.25% of the total
area). The factor that triggers this result is the large
population in Ciliwung watershed. On the basis of the
economic factor, the annual income is lower than 1,000,000
rupiah. In terms of the physical condition, the vulnerability
level is caused by the high building density. In terms of the
environmental aspect, landslide events increase the
vulnerability level.
Furthermore, land usage vulnerability is caused by the
distribution of settlements. Moreover, the exposure level of
Ciliwung watershed is high. Therefore, the risk level of
Ciliwung watershed to RTL varies from low to high. The
dominant risk level in the basin is the high level. Thus,
disaster risk reduction analysis of water-related landslide
should be conducted. The authors aim to analyze disaster
risk reduction of RTL in Ciliwung River.
In the middle of 2002, a landslide disaster due to rainfall
occurred in the Ciliwung River’s floodplain, precisely in the
South Jakarta area. The authors propose a disaster risk
reduction method for RTL in Ciliwung watershed. Soil data
availability is needed to make a comprehensive analysis. The
authors utilize Depok City as a model city for disaster risk
reduction by proposing different types of mitigation methods.
The final decision on the type of mitigation method is based
on the SF of Ciliwung River’s floodplain.

limit equilibrium method has become the most well-known
and widely used traditional method to compute slope
stability. This method is easier to use than other advanced
methods, such as finite element analysis. This research uses
both conventional and advanced techniques to describe the
slope stability condition in the Ciliwung River for
sustainable development.
The conventional method is currently the most used
method. The purpose of slope stability analysis using the
conventional method concerns SF computation. Some
techniques are available for circular slip surfaces only [23,
24]. Furthermore, the developed method could be used for
any shape of slip surfaces [25–28]. These methods have
different problem solutions according to the equilibrium
condition that it fulfills. This research explains several
methods. For instance, the method of slices [23] satisfies
only the moment of equilibrium. Bishop’s modified method
[24] can compute the moment equilibrium and vertical force
equilibrium. Morgenstern and Price’s method [25], Janbu’s
generalized procedure of slices [29], Sarma’s method [30],
and slope stability chart can be used to analyze all conditions
of equilibrium but differ from each other in terms of their
assumptions about interslice forces. This research uses
several methods, namely, ordinary method of slices,
Bishop’s modified method, and Janbu’s method. Hence, the
SF is an essential part of slope stability before taking
mitigation into account.
In addition to the conventional method, researchers have
developed advanced analysis using a numerical method. The
basic computation of the method involves finite element
analysis that is improved using several programs, such as
SLOPE/W, Plaxis, and other supporting applications.

TABLE I
RAINFALL-TRIGGERED LANDSLIDE RECORDS. A: IMPACTED AREA (KM2); T:
EVENT TOTAL RAINFALL (MM); D: DURATION (H); I: MAXIMUM RAINFALL
INTENSITY (AS WATER HEIGHT–DURATION REPORTED BY THE AUTHORS,
MM–H); L: NUMBER OF TRIGGERED LANDSLIDES; V: NUMBER OF VICTIMS

Location

A

Date

T

D

I

L

V

Hong
Kong [19]

1,050

5/92

>350

24

25–
0.08

>300

3

Hong
Kong [20]

1,050

8/76

500

24

82–1

314

57

Japan [21]

140

9/71

559

62

122–1

7,760

56

Virginia
[22]

Approximately 100

6/95

770

16

64–5

Hundreds

0

Fig. 1 Sketch of the slope cross section and forces acting on the ith slice
Source: Zhao [31]

Mitigation is one of the essential cycles of disaster
management. Two mitigation methods are proposed in this
research. Structural reduction could be determined if slope
stability is analyzed. We can increase the SF after
considering several things, namely, natural resources, human
resources, and budget. GI could be used to be mitigate
landslides around the river’s floodplain. Hence, the authors
aim to advance structural mitigation and GI for landslide
mitigation.
One of the fundamental assumptions about slope stability
analysis is acquired from Zhao [31]. The limit equilibrium
method divides slip surface and free ground surface into n

On the basis of the problem background, the research
aims to obtain a better solution to mitigate the occurrence of
RTL in the Ciliwung River.
II. MATERIAL AND METHOD
Methods to analyze slope stability have been proposed
worldwide. Researchers are familiar with both conventional
and advanced techniques. In geotechnical engineering, the
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of the slice-wise SF and limit equilibrium method. In
addition to the ease of calculation, the authors will compare
the results of the two aforementioned methods with that of
the modeling approach, i.e., Geo-Slope, which still adopts
several methods, namely, Janbu’s method [29, 36], Bishop’s
method [24], Morgenstern and Price’s method [25], and
Spencer’s method [26]. Tables 3 and 4 present the equations
of statics satisfied and the interslice force characteristics and
relationships, respectively.
Various commercial packages have been used to compute
slope stability, for example, GEO05 [37], SLIDE [38], and
SLOPE/W [39]. This research uses SLOPE/W as a
supporting tool to analyze slope failure. The analysis using
SLOPE/W, that is, Geo-Slope, has two limitations. First, the
program could not consider the local variations. Second, the
computed stress distributions are often unrealistic. These two
are the fundamental pieces of missing physics that could
lead to better result analysis. However, the method proposed
by Zhao et al. [31] is still not declared as the governing
equation of this program. Furthermore, the authors
recommend the latest method to be considered as the input
concept in geotechnical solution modeling programs, such as
Geo-Slope.

slices as shown in Fig. 1(a). The main forces acting on the
ith slice (Fig. 1(b)) are the weight (Wi), horizontal
earthquake force (Qci), horizontal and vertical loads (Qxi,
Qyi), water pressure (Ui), interslice forces (Ei, Xi, Ei+1, Xi+1),
normal force (Ni), and sliding force (Ti) of the slip surface.
This research computes the slice-wise factor as the ratio
of the anti-sliding force to the sliding force. It is the same as
the concept of shear strength reduction [32].
Fi =

N i tan φi + ci bi sec α i
Ti

(1)

where ci is the shear strength parameter of the slip surface
and bi is the width of the slice.
The rigorous Janbu’s method [29] suggests that the height
of the thrust line is between one third and one half of the
height of the slice’s profile. Furthermore, the equilibrium of
the forces and boundary conditions will be discussed. As
shown in Fig. 1, we determine the horizontal and vertical
equilibrium of the forces.
Ei +1 + Ti cos ai − N i sin α i =
Ei + (Qci + U i sin α i − Q xi )
X i +1 + N i cos α i − Ti sin ai =
X i + (Wi + Q yi − U i cos α i )

(2a)
(2b)

The SF for all of the previous steps [31] could be
expressed as the ratio of the total anti-sliding force to the
amount of the sliding force on the slip surface.


F=


n

i =1
n
i =1

Ri

TABLE III
EQUATIONS OF STATICS SATISFIED

Method
Janbu
Bishop
Morgenstern
and Price
Spencer

(3)

Ti

where:
Ri = N i tan φi +

ci bi
cos α i

(4)

Method
Janbu
Bishop
Morgenstern
and Price
Spencer

TABLE II
COMPARISON OF THE SAFETY FACTOR (SF) RESULTS

SF experiment 1
0.991

SF experiment 2
1.261

0.992
0.963
0.996

1.258
1.199
1.247

Force equilibrium
Yes
No

Yes

Yes

Yes

Yes

TABLE IV
INTERSLICE FORCE CHARACTERISTICS AND RELATIONSHIPS

The proposed slope stability analysis [31] could satisfy all
of the equilibrium conditions of forces and moments. Table
2 shows the comparison of the SF results obtained using the
method proposed by Zhao [31].

Calculation method
Morgenstern and
Price’s method
Bishop’s method
Janbu’s method
Zhao’s method

Moment equilibrium
No
Yes

Interslice
normal
(E)
No
Yes
Yes

Yes
No
Yes

Yes

Yes

Interslice
shear (X)

Inclination of X/E
resultant and X–E
relationship
Horizontal
Horizontal
Variable; user
function
Constant

Equations (4) and (5) are the SF formulas of Bishop’s
method and Janbu’s method, respectively. Janbu’s method is
the as same as Bishop’s method. However, it (1) considers
normal interface forces but ignores interslice shear forces
and (2) satisfies the overall horizontal force equilibrium.

Zhao’s method [31] and Morgenstern and Price’s method
[25] seem to have the best solution to compute the SF.
However, this research aims to calculate slope stability using
Bishop’s method [24, 33] and Janbu’s method [29, 33].
Despite the introduction of a new advanced method, the slice
method is still the most well-known and widely used to
estimate the SF [34]. Pereira et al. [35] compared several
methods of slope stability analysis and determined that the
simplified Bishop, simplified Janbu, and Bishop methods
have the optimum performance, with the correlation
coefficient of 99% for the simplified Bishop. The authors
still consider the limitation of the definition of the SF in
traditional slice methods and do not introduce new concepts

FS =

W sin α 
1

cβ


 cβ + W tan φ − FS sin α tan φ 


mα





(5)

where:
mα = cos α +
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sin α tan φ
FS

(6)

from each sampling location. Then, the three soil samples
are observed in the soil mechanics laboratory of Universitas
Indonesia. Table 5 lists the soil parameters of GDC bridge.

III. RESULTS AND DISCUSSION
A. Study Area
In the middle of 2002, a landslide disaster occurred in the
Ciliwung River’s buffer, precisely in the South Jakarta area.
The landslide profoundly affected large areas of the region
and seriously injured many people. Before this disaster,
landslide events in the Ciliwung River’s buffer occurred
several times. However, these events did not injure anyone.
Several factors that could trigger landslide events are the
building load in the settlement area around the river, increase
in the rainfall intensity, slope, and soil characteristics in the
Ciliwung River area. In this research, the authors aim to
analyze the SF of the buffer’s slope in the Grand Depok City
(GDC) bridge. The bridge is located in Depok City, West
Java, Indonesia. Fig. 2 depicts the observed location.

C. Slope Stability Analysis
First, the GDC bridge slope stability is analyzed using
Bishop’s method, Janbu’s method, Plaxis, and Geo-Slope
modeling approach.
For Bishop’s method, four scenarios, namely, without
intervention condition, intervention/loading condition, flood
or groundwater influence condition, and seismic condition,
are analyzed. Table 6 shows the result of the slope stability
SF analysis of GDC bridge using Bishop’s method.
Janbu’s method determines the SF on two sides of the
bridge, i.e., Citayam and GDC sides. Table 7 shows the
result of the slope stability SF analysis of GDC bridge using
Janbu’s method.
On the basis of the SF analysis result, this study proposes
both structural and nonstructural disaster mitigation methods.

B. Soil Data
The initial step of this analysis is taking soil samples from
the location of the research area. Three samples are taken

Fig. 2 Location of the Grand Depok City bridge

Plaxis 8.2 program analysis results shown in Fig. 3, the
value of soil deformation is 313 mm with global landslide
potential on both sides.
Finally, the slope stability in the GDC bridge location is
modeled with Geo-Slope. The authors assume that both sides
of the bridge’s slope, i.e., Citayam and GDC sides, will be
computed differently in terms of global collapse, upper local
collapse, and sub-local collapse. Figs. 4, 5, and 6 depict the
program results. The computation considers both with and
without seismic conditions. Table 8 shows the result of slope
stability SF analysis of GDC bridge.

The authors also used Plaxis 8.2 to analyze the
displacement of the slope. This alternative method has been
widely used, for example, by Kumar et al. [46]. This method
based on finite element analysis is proven to compute and
model slope stability. This research assumes several
necessary calculations for this location. The model is made
using 15 nodes and assumed to be a plane strain model. The
soil parameters are analyzed using the Mohr–Coloumb
model. Then, the undrained concept is used to analyze this
model. The external load is 20 kN/m2, and the Poisson ratio
is 0.3. The pore water pressure is 9.8 kN/m3, and the soil
elasticity modulus (E) is 15,000 kN/m2. On the basis of the
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TABLE V
SOIL PARAMETERS OF GRAND DEPOK CITY (GDC) BRIDGE

Citayam
side
ML/OL
0.9868
14.11
25 kPa

GDC side

Source

CH/OH
0.99851
13.47
20 kPa

OCR

φ

23.426 kPa
1.25
27°

15.015 kPa
1.2
28°

ASTM/USCS
Laboratory test
Laboratory test
Terzaghi et al.
[40]
Skempton [41]
Bjerrum [42]
Gibson [43]

E

15 MPa

15 MPa

γ sat

18 kPa

18 kPa

γ dry

16 kPa

16 kPa

Parameter
Soil type
Liquid index
Plastic index
Su

σ'

emergency intervention, and recovery and reconstruction
[48]. In the prevention/mitigation phase, efforts are made to
prevent or mitigate damage. Previous research on slope
reinforcement using anchor concluded that it provides a
better reinforcement effect [49]. Meanwhile, Yang et al. [49]
recommended analyzing the stress level and displacement
field using numerical modeling to strengthen the achieved
result.
This research introduces structural mitigation using a
ground anchor. This study also proposes snail application to
increase the SF of the slope using the SnailWin 3.10
modeling program. This program is a soil reinforcement
program legislated by the California Department of
Transportation. This program aims to increase the SF of the
slope due to landslide potential. Given the high cost of snail
or anchor, this research analyzes the use of two snails. The
input data of this program are the soil data of GDC bridge.
On the basis of the output of the SnailWin 3.0 program, the
SF of the slope without reinforcement is 1.09, which
increases to 2.05 when using the reinforcement program.

Soil type: clay;
Wesley [44]
Budhu [45];
Appendix A
Budhu [45];
Appendix A

TABLE VI
SF ANALYSIS OF GDC BRIDGE USING BISHOP’S METHOD

Condition
Without intervention
With loading intervention
Groundwater infiltration
Seismic condition

SF
2.69
2.65
1.33
1.80

TABLE VII
SF ANALYSIS OF GDC BRIDGE USING JANBU’S METHOD

Location
Citayam
GDC

SF
1.26
1.37

Fig. 4 GDC side without seismic condition (global collapse)

Fig. 3 Deformation analysis using Plaxis 8.2
TABLE VIII

Fig. 5 GDC side without seismic condition (upper local collapse)

SF ANALYSIS OF GDC BRIDGE USING THE GEO-SLOPE MODELING APPROACH

Location
GDC—global collapse
GDC—upper local collapse
GDC—sub-local collapse
Citayam—global collapse
Citayam—upper local
collapse
Citayam—sub-local
collapse

SF without
seismic
condition
2.568
1.756
1.739
3.955

0.579
0.329
0.717
0.237

2.242

1.066

1.205

0.375

SF with seismic
condition

Fig. 6 GDC side without seismic condition (sub-local collapse)

D. Structural Mitigation: Reinforcement Analysis
The challenges to disaster response and management are
currently increasing [47]. Generally, the disaster risk
management
cycle
has
four
stages,
namely,
prevention/mitigation, preparedness in the pre-disaster stage,

The analysis of the total budget for reinforcement is based
on Widyawati’s calculation step [50]. Table 9 shows the
budget plan for anchor reinforcement. On the basis of the
total budget for the application of two groundwater anchors,
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it is not recommended for slope stability reinforcement.
Several reasons support this suggestion. First, the SF of three
observed locations is not at a critical point, i.e., it is still safe
for the society and environment. Second, the soil nailing or
anchor application method is inapplicable for high water

surfaces. In this case, the Ciliwung River has a high water
surface in the observed site. Finally, in addition to the high
cost, the implementation of soil nailing or anchor application
is complicated; thus, it needs some experts to make it happen.

TABLE IX
ANCHOR BUDGET PLAN

Reinforcement component

Types

Without
subdrain
Anchor
With
subdrain
Without
subdrain
Drilling
With
subdrain
Without
subdrain
Grouting
With
subdrain
Without
subdrain
Concrete plat
With
subdrain
Total budget without subdrain (rupiah)
Total budget with subdrain (rupiah)

Amount

Grouting
length or
volume

2

9m

60.000.000

34

4.080.000.000

2

8m

60.000.000

34

4.080.000.000

2

9m

1.700.000

34

115.600.000

2

8m

1.700.000

34

115.600.000

2

0.29 m3

1.700.000

34

33.524.000

2

0.26 m3

1.700.000

34

30.056.000

2

1.3 m3

1.200.000

34

106.080.000

2

1.3 m3

1.200.000

34

106.080.000

Budget
(rupiah)

Total
length (m)

Total budget
(rupiah)

4.335.204.000
4.331.736.000

Fig. 7 Proposed green infrastructures in Ciliwung River’s floodplain region
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current scour. Thus, the high intensity of rain would increase
the landslide potential of Ciliwung River’s floodplain.
Structural mitigation, such as anchor or snail application,
is too expensive for this case. A retaining wall is the
structural mitigation method currently applied in the
Ciliwung River. This retaining wall prevents scouring due to
rainfall. This mitigation method is used downstream of the
river to protect the settlement area around the river from
damage. In this case, GI is highly recommended instead of
structural relief. Furthermore, the proposed GI mitigation
method should be analyzed in depth to obtain a more
comprehensive result. For example, focus group discussion
with the local community and stakeholders should be
conducted to support the establishment of GI in particular
regions in Ciliwung River’s floodplain.

E. Green Infrastructure Mitigation
Structural mitigation involves considerable expenditure to
construct buildings. Another method proposed to mitigate
water-related landslide is GI. GI, which is also known as soil
bioengineering, has been recognized as an effective method
for slope stabilization [51]. GI is a smart solution for today’s
needs. GI uses vegetation and soil for rainwater management
[52]. GI has several eco-friendly benefits over structural
infrastructure for landslide mitigation. GI could protect steep
slopes by managing runoff before it flows downstream.
In the past decade, tsunamis have serious impacts on the
environments of various countries. Previous research
reported that coastal vegetation could reduce the impact of
this disaster [53, 54]. For example, coastal vegetation helped
mitigate the impacts of tsunami disaster on a coastal village
in Chile [55]. This means that plants or GI increases an
area’s strength against water-related landslide disaster.
On the basis of the site condition, GI could intercept sheet
flows if they settled at the top of the slope. Moreover, GI
should be placed near impermeable areas to balance the
infiltration of rainfall to the ground. GI could be in the form
of permeable concrete pavement, infiltration trenches,
vegetated swales, rain garden, soil bioengineering,
bioretention, and wetland vegetation. It is better to choose
soil bioengineering for river embankment instead of a
concrete canal. The soil bioengineering concept mitigates the
critical ecological condition in the site and strengthens the
levee to be as safe as a concrete canal.
This research installs pervious concrete for pavements and
green roof for buildings in the site to manage runoff. The
study also plans to introduce infiltration trenches,
bioretention, vegetated swales, and rain garden to protect the
river’s steep banks.
Fig. 7 shows the GI installation strategy. The main road
site is divided by rain garden areas. The rain garden is
located in two locations to manage runoff in the main road
and river. Vegetated swales support the rain garden. The
porous pavement is installed in the townhouses near the
research site. Along the riverwalk, the infiltration trench is
placed. Closer to the river, bioretention and soil
bioengineering are established to manage the landslide
probability of the slope. On the basis of its primary function,
soil bioengineering alternatives support the survival of plants
and river animals (e.g., macroinvertebrates) around the river.
On the basis of the slope stability analysis result, the
minimum SF obtained from the simulation with various
scenarios is normal. This means that the current condition of
Ciliwung River’s floodplain is safe. Historically, the
evidence of landslide damage in that area does not indicate
severe damage. The influence of settlement load does not
significantly increase the landslide potential. The main
factors that could cause landslides are groundwater
fluctuation and water surface elevation of the river. The
minimum SF is obtained if the maximum flood surface or
maximum average of the water surface is applied to the
simulation. Another factor that determines landslide
potential is the slope. The more frequent the occurrence of
rainfall is, the lower the SF of the slope. On the basis of the
simulation conducted in this research, the upper slope
becomes steeper because of erosion. Moreover, the lower
slope tends to slope because of rainfall and river stream

IV. CONCLUSION
This research concludes that the minimum SF in the
analyzed location is recognized as a safety criterion for
society. Furthermore, high rainfall intensity could become
the worst scenario that generates considerable damage. The
proposed structural mitigation for river bank with anchor or
snail increases the SF. However, this structural mitigation or
reinforcement application is not recommended because of its
high cost and ineffectiveness in solving problems. Hence, GI
is highly suggested for nature-based mitigation to prevent
RTL in the Ciliwung River area. Furthermore, a
comprehensive analysis of GI or soil bioengineering should
be conducted in the future to ensure its effectiveness and
applicability in the research area.
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